Hippocampal pyramidal neurons exhibit a rapid within-trial increase in firing frequency during classical conditioning of the rabbit eyelid response. It has been proposed that the cellular mechanisms responsible for hippocampal long-term potentiation (LTP) may also mediate this learning-dependent increase in neuronal activity. 
hippocampus is compatible with a dendritic localization. The pharmacological and ionic properties of the binding suggest that it is associated with an excitatory amino acid receptor. After eyelid conditioning, the maximal number of hippocampal [3H]glutamate-binding sites is increased in animals receiving paired presentations of the tone conditioned stimulus and corneal air-puff unconditioned stimulus relative to that found in naive or unpaired control animals. These results strengthen the hypothesis that an LTP-like mechanism underlies the increase in hippocampal firing frequency during rabbit eyelid conditioning.
During classical conditioning of the rabbit nictitating membrane (NM)/eyelid response, hippocampal pyramidal cells exhibit marked changes in their neural response patterns (1) (2) (3) . Early in training, pyramidal neurons increase their rate of within-trial discharge in an incremental fashion across trials and in a pattern that precedes and correlates with the amplitude-time characteristics of the eyelid response. Control animals receiving unpaired tone and air-puff stimuli do not exhibit such increases nor do they show auditory-evoked or motor-related hippocampal neural responses. The two major afferents to the hippocampus, the medial septum and the entorhinal cortex, do not appear simply to relay to the hippocampus this increase in neural responsiveness (4, 5) . Thus the changes in neural excitability that develop during eyelid conditioning may originate within the hippocampus itself (6) .
Hippocampal long-term potentiation (LTP) has been proposed as a candidate mechanism underlying this rapid, learning-dependent increase in hippocampal neural discharge (1) (reviewed in ref. 6 ). LTP is induced by brief bursts of repetitive electrical stimulation to hippocampal pathways and is characterized by an immediate and long-lasting increase in the evoked postsynaptic potentials of the target cells (7, 8) .
Perhaps similar cellular mechanisms mediate both LTP and the hippocampal neuronal changes associated with eyelid conditioning.
The induction of LTP in rat hippocampal slices results in an increase in the number of Na+-independent [3H]glutamate-binding sites in synaptic membranes (9, 10) . These binding sites possess ionic dependencies, localization, and pharmacological properties which suggest that they are associated with a postsynaptic glutamate receptor (11) . Glutamate, or a related compound, is likely to be the major excitatory transmitter in several hippocampal pathways (12) , and an increase in the number of postsynaptic glutamate receptors could explain the increased responsiveness of hippocampal pyramidal cells after repetitive activation of their inputs (13) . If the increased hippocampal neural excitability during eyelid conditioning involves an LTP-like mechanism, then a similar increase in the number of hippocampal glutamate receptors should also accompany classical conditioning.
In the present study, the pharmacology, ionic dependen- [3H]Glutamate binding was assayed as described (14) .
Briefly, 0. Thus, the total number of stimulus presentations (tone and air puff) and the length of each training session (about 2 hr) were essentially equal for paired and unpaired animals. Finally, a naive control group remained in the home cage and received no handling prior to sacrifice.
After adaptation to the training apparatus, paired and unpaired animals were trained for 3 days (one session per day). On the 4th day, they were given an abbreviated training session (32 paired or 64 unpaired trials; about 30-min duration) and were then returned to the home cage. One hour later, between 0900 and 1200, animals in all three groups were sacrificed by decapitation. The dorsal hippocampi were obtained and synaptic membranes were prepared and assayed for [3H]glutamate binding as described. Each animal was individually coded, and the experimenter performing the membrane preparation, binding assay, and data analysis did not know the prior treatment of any animal.
In a second experiment, hippocampal [3H]glutamate binding was measured in paired and unpaired animals that were sacrificed about 18 hr after the conclusion of the third training session. Thus these animals were not given the fourth, abbreviated, session given to animals in the previous experiment. (Fig. 5) . Specifically, glutamate binding in the pyramidal layer (cell bodies) was only 55% of that found in the stratum radiatum (dendrites). A similar pattern held for the Na'-dependent [3H]glutamate binding across subfields and layers, except that its level in CA3 was about 50% of that found in the dentate or CAL.
RESULTS
[3H]Glutamate Binding After Classical Conditioning. All animals given paired conditioning (n = 24) reached behavioral criterion [eight out of nine successive conditioned responses (CR)] by the third training session. Nine animals achieved this criterion during the first day of training, 13 during the second day, and 2 during the third training session. All paired animals exhibited CRs on at least 85% of the trials during the latter half of the third training day.
In the first behavioral experiment, Na'-independent
[3H]glutamate binding to hippocampal membranes was measured in animals that had been sacrificed 1 hr after the conclusion of a training session (Fig. 6 paired and unpaired animals that had been sacrificed about 18 hr after the conclusion of a training session (Table 1) . Animals given paired training (n = 12) exhibited 18% more glutamate-binding sites than did unpaired controls (n = 12), and this difference in the Bmax was significant [paired t (11 df) 3.05, P < 0.05, two-tailed]. There was again a tendency for higher Kds in paired animals, but this was also not statistically significant [paired t (11 df) = 1.71, P > 0.05, two-tailed]. The Hill coefficients for the two groups were not significantly different from unity.
DISCUSSION
Rabbit hippocampal synaptic membranes were found to possess a high-affinity, Na'-independent, [3H]glutamate-binding site with kinetic, ionic, and pharmacological properties similar to those sites previously characterized in rat hippocampus (11, 16 (17) and under some conditions in rat hippocampus (18) , and these sites have also been related to a physiological postsynaptic receptor.
As shown in rat hippocampal membranes (14, 19, 20) , calcium stimulates glutamate binding in a leupeptin-sensitive manner in the rabbit. Thus the calcium-activated proteinase that regulates glutamate receptors in rat telencephalic synapses may serve this purpose in rabbit hippocampus as well.
The variation in [3H]glutamate binding across the layers of CA1-low levels of binding in the pyramidal layer relative to that found in the stratum radiatum and stratum oriens-corresponds with the location of afferent nerve terminals from the ipsilateral and contralateral CA3/CA4. These afferents, the commissural and Schaffer collaterals, most likely use an excitatory amino acid as a neurotransmitter (12 Animals in the paired group were well conditioned to associate a tone CS with a corneal air-puff US. Animals given unpaired training exhibited unconditioned reflex responses to the air puff and no (or minimal) NM extension to the tone. In experiment 1, animals were sacrificed 1 hr after the conclusion of a training session. In experiment 2, they were sacrificed 18 hr after the conclusion of a training session. The data of Table 1 and Fig. 6 were analyzed by Scatchard analysis. Liheweaver-Burk and a least-squares method of computer analysis gave similar results. Data are the means ± SEM of 12 animals in each group. *, P < 0.05 compared to unpaired and naive animals (analysis of variance). t, P < 0.05 compared to unpaired animals (paired t test). NS, not significant compared to controls. Classical conditioning of the rabbit eyelid response is accompanied by a long-lasting and learning-dependent increase in the maximal number of [ Higlutamate-binding sites in hippocampus. One hour after a training session, glutamate binding is increased by about 40% in the paired conditioned group relative to that in the unpaired or naive control groups. This increase in glutamate binding persists for at least 18 hr after a training session, with an 18% increase in the paired group relative to the unpaired group. The absence of significant group differences in the affinity (Kd) and Hill coefficient indicates that the major effect is on the number of binding sites (Bmax). Finally, there are no differences in the number of glutamate-binding sites between unpaired and naive control animals at the 1-hr time point. Thus the increased glutamate binding seen in the paired group relative to the two control groups cannot be due to nonspecific or stress-related factors. Since long-lasting increases in both hippocampal glutamate binding and neuronal firing frequency (1, 2) occur in paired conditioned animals but not in unpaired control animals, the receptor change may be mediating, at least in part, the physiological change recorded during eyelid conditioning. These results also indicate that training-induced neuronal plasticity develops within the hippocampus per se.
Previous work has revealed several physiological similarities between the increased pyramidal cell activity recorded during eyelid conditioning and the increased synaptic efficacy after the induction of LTP in hippocampus (1, 21 (22, 23) . The magnitude of the increase is similar for the two phenomena and both persist for long periods of time. Further work has shown that during eyelid conditioning, the amplitude of the dentate granule cell monosynaptic population spike increases-both within-trial and betweentrial-during the course of behavioral conditioning (24) . Increases in the dentate monosynaptic population spike have been observed to occur in other training paradigms as well (25) . Finally, prior induction of LTP in the perforant path to dentate granule cell synapses facilitates acquisition of eyelid two-tone discrimination learning (T. W. Berger, personal communication). The present finding that a similar cellular change-increased number of hippocampal glutamate receptors-occurs after both LTP (9, 10) and eyelid conditioning strengthens the argument that an LTP-like mechanism underlies the learning-induced change in neuronal activity.
Thus several converging lines of evidence suggest that altered activity patterns in hippocampal circuitries, induced by either high-frequency electrical stimulation or paired conditioning trials, produce long-lasting changes in synaptic efficacy. Rat telencephalic membranes contain a calcium-sensitive proteinase that when transiently activated causes the breakdown of the spectrin-like protein fodrin as well as the irreversible uncovering of glutamate-binding sites (19) . Since the induction of LTP is sensitive to the levels of calcium in the bathing medium (26) , such a calcium-induced increase in receptor number has been proposed to account for the increased synaptic efficacy exhibited by hippocampal neurons after repetitive electrical stimulation (13) . On the basis of the results of the ion manipulation and behavioral studies described in this report, we propose that a similar mechanism may operate in the hippocampus during classical conditioning of the rabbit eyelid response.
